The ability of the white rot fungus Ceriporiopsis subvermispora to mineralize 14 C-synthetic lignin was studied under different culture conditions, and the levels of two extracellular enzymes were monitored. The highest mineralization rates (28% after 28 days) were obtained in cultures containing a growth-limiting amount of nitrogen source (1.0 mM ammonium tartrate); under this condition, the levels of manganese peroxidase (MnP) and laccase present in the culture supernatant solutions were very low compared with cultures containing 10 mM of the nitrogen source. In contrast, cultures containing a limiting concentration of the carbon source (0.1% glucose) showed low levels of both enzymes and also very low mineralization rates compared with cultures containing 1% glucose. Cultures containing 11 ppm of Mn(II) showed a higher rate of mineralization than those containing 0.3 or 40 ppm of this cation. Levels of MnP and laccase were higher when 40 ppm of Mn(II) was used. Mineralization rates were slightly higher in cultures flushed daily with oxygen, whereas laccase levels were lower and MnP levels were approximately the same as in cultures maintained under an air atmosphere. The presence of 0.4 mM veratryl alcohol reduced both mineralization rates and MnP levels, without affecting laccase levels. Lignin peroxidase activity was not detected under any condition. Addition of purified lignin peroxidase to the cultures in the presence or absence of veratryl alcohol did not enhance mineralization rates significantly.
White rot fungi degrade lignin by the action of enzymes that are secreted into the medium. Two extracellular perox idases, lignin peroxidase (LiP) (15, 30) and manganese peroxidase (MnP) (14, 25) , and a copper-containing phenol oxidase (laccase) (6) have been widely studied, and evidence that they participate in lignin depolymerization has accumu lated. Laccase and MnP are probably more widely distrib uted among white rot fungi than is LiP. Phanerochaete chrysosporium, the most studied species in regard to lignin degradation, is apparently atypical in that it produces LiP and MnP but no laccase.
The role of the above-mentioned enzymes and the way in which they interact are, however, not fully understood. Perez and Jeffries (26) used different levels of Mn(II) to regulate LiP and MnP production. They observed that lignin mineralization by P. chrysosporium is improved by culture conditions in which LiP production is enhanced and MnP production is inhibited. It has also been demonstrated that the ability of a LiP -mutant of P. chrysosporium to miner alize synthetic lignin is reduced by 80% compared with the wild-type strain (5) . On the other hand, a LiP-overproducing mutant of this same fungus (33) does not show an enhanced mineralization rate. Of course, in the latter case it is possible that the rate-limiting step in mineralization is inside the cells. For carbohydrate-limiting cultures, Faison and Kirk (11) observed that lignin mineralization continued after LiP ac tivity had declined to zero, which seems to indicate that there is not a direct correlation between the two parameters. Hammel and Moen (16) were able to achieve synthetic lignin depolymerization in vitro by the action of LiP. Other authors have suggested that MnP is an important component of the * Corresponding author. ligninolytic system. Synthetic lignin depolymerization has also been obtained in vitro with this enzyme (35) . As stated before, several white rot fungi that are efficient lignin de graders do not produce LiP but produce MnP (12, 13, 22, 34) . In the case of Dichomitus squalens (27) , which does not produce LiP, mineralization of synthetic lignins correlated positively with MnP production. It was recently shown that the major peroxidase produced by P. chrysosporium when it grows on wood is MnP and not LiP (9) .
Laccase is also produced by most white rot fungi, and some evidence suggests a role in lignin depolymerization. In vitro treatment of lignin with laccase, however, has been reported to further polymerize the polymer (10) . Neverthe less, it was demonstrated recently that laccase and MnP act synergistically in the solubilization of lignin from lignocellu lose (13) .
The relatively unstudied white rot basidiomycete Ceripo riopsis subvermispora has been successfully used in biome chanical pulping experiments. Pretreatment of wood chips with this fungus for 4 weeks led to energy savings of between 21 and 37% in refiner mechanical pulping and improved the strength properties of the resultant paper (1) . The fungus has also been shown to be very selective for lignin degradation when grown on wood, causing high lignin losses with low concomitant cellulose losses (3, 24) . Studies of the enzy matic machinery produced by C. subvermispora grown under ligninolytic conditions in liquid cultures showed that it produces MnP and laccase (29) . No LiP activity could be found in liquid cultures, nor was LiP detected when the fungus was grown on wood pulp (28) . Nevertheless, LiP-like genes were detected in Southern blot experiments using a probe coding for LiP H8 from P. chrysosporium (29) . Reg ulation of LiP and MnP production in P. chrysosporium has VOL. 59, 1993 SYNTHETIC LIGNIN MINERALIZATION BY C. SUBVERMISPORA 1793 been well studied, but the lignin-degrading system of C. subvermispora has not been nearly as thoroughly character ized. The aim of this study was to examine relationships be tween the rates of synthetic lignin mineralization and the levels of MnP and laccase produced by C. subvermispora. It was of interest to study this fungus because it does not produce LiP but degrades substantial amounts of lignin in wood. It is also of considerable interest as the best biopulp ing fungus described to date. Different culture conditions were used to produce different levels of the extracellular enzymes, and mineralization rates under the same condi tions were determined. The effect of external addition of LiP on the mineralization rate was also assessed.
MATERIALS AND METHODS
Organisms and culture conditions. C. subvermispora FP 105752 and FP-90031-sp were obtained from the Center for Mycology Research, Forest Products Laboratory, Madison, Wis. They were maintained on potato dextrose agar slants at room temperature. LiP isoenzyme H2 was purified to homo geneity from nitrogen-starved P. chrysosporium cultures (2) . C. subvermispora FP-105752 was used in all the experiments described in this paper, except when indicated.
Experimental liquid cultures in 125-ml Erlenmeyer flasks contained 30 ml of basal culture medium (32) . Incubation was done at 30°C with shaking (180 rpm). Cultures were inoculated with 0.45 mg of mycelium per ml of medium (dry weight basis). Four identical cultures were set up for each condition; two were used for enzyme measurements, and two were used for lignin degradation studies. For the determination of mycelial dry weight, duplicate flasks were harvested at the indicated times and filtered through Whatman no. 1 filter paper that had previously been dried at 100°C to a constant weight. The mycelium retained on the filter paper was dried at 100°C to a constant weight, and the mycelial weight was determined.
Enzyme assays. For enzyme measurements, 0.5-ml sam ples of culture supernatant solutions were taken at the indicated times. MnP was assayed with vanillylacetone (25) as a substrate. The assay mixtures (1.0 ml) contained 0.1 mM vanillylacetone, 100 mM sodium tartrate (pH 5.0), 0.1 mM MnSO4, 0.05 mM H2O2, and 10 to 200 µl of culture fluid. The reaction was started by the addition of hydrogen peroxide, and the decrease in A,, was monitored. Laccase activity was assayed as described by Bourbonnais and Paice (6) . The reaction mixtures contained 50 µl of the culture fluid, 4.7 mM 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (Sigma Chemical Co., St. Louis, Mo.), and 50 mM glycineHCl buffer (pH 3.0) in a final volume of 1.0 ml. The progress of the reaction was measured at 436 nm. LiP was assayed with veratryl alcohol as a substrate, as described by Tien and Kirk (31) . Lignin mineralization studies. A total of 50,000 dpm of synthetic 14 C-ring-labeled lignin (20) (9 × 10 5 dpm/mg) was added to day 5 cultures as an aqueous suspension (8) . The flasks were flushed daily thereafter with air or oxygen, and the 14 CO2 produced was trapped in ethanolamine-containing scintillation fluid (19) . In experiments designed to assess the effect of externally added LiP, 6.0 U of this enzyme (isoen zyme H2 from P. chrysosporium) (2) was added to the flasks on day 7 (2 days after the addition of dehydrogenative polymerizates [DHPs] ). At the same time, veratryl alcohol was added in some cases. Thirty days after the addition of the radioactive polymer, the amounts of label present in the culture supernatant solutions and the amounts associated with the fungal pellets were measured. For this purpose, the cultures were adjusted to pH 2.0 to 2.5 with 2 N HCl, 1 volume of dioxane was added, and cultures were agitated overnight at room temperature. The mycelium was sepa rated by centrifugation and partially solubilized by addition of 5 ml of TS-1 tissue solubilizer (RPI Corp., Elk Grove, Ill.) and again agitated overnight. The radioactivity associated with the mycelium was counted after addition of 5 ml of twofold-concentrated toluene-based scintillation fluid (8) . The label present in the aqueous-dioxane phase was deter mined by counting 1.0 ml of the solution in Polyfluor scintillation fluid (Packard Instrument Company Inc., Meri den, Conn.). Total radioactivity recoveries (mycelium bound 14 C, 14 C present in the liquid phase, and 14 CO2) were 82 to 98%.
RESULTS
Effect ofnitrogen and carbon concentration on mineraliza tion of 14 C-DHPs and enzyme production. To examine the temporal relationship between the levels of extracellular enzymes produced by the fungus and the amount of 14 CDHPs mineralized, different culture conditions known to produce different enzyme levels were used (29) . The effect of nitrogen concentration was studied in cultures containing limiting (1.0 mM ammonium tartrate) and sufficient (10 mM ammonium tartrate) nitrogen, both in the presence of 1.0% glucose as a carbon source. As can be seen in Fig. 1 , total mineralization by cultures containing low nitrogen was al most twice that by cultures containing high nitrogen in 30 days. In contrast, MnP and laccase levels, at their maxima, were six and four times higher, respectively, in cultures containing high nitrogen. Thus, we observed a negative relationship between MnP and laccase levels and mineral ization with variation in nitrogen levels. Surprisingly, the opposite was observed when studying the effect of the carbon source concentration (Fig. 2) . In this case, cultures initially contained 0.1 or 1.0% glucose; all contained 10 mM ammonium tartrate. Cultures containing 1.0% glucose exhibited higher levels of both enzymes (max imally, around six times more MnP and two times more laccase) than cultures containing 0.1% of the carbon source. The total extent of mineralization by cultures containing high levels of glucose was also higher (approximately three times) than that by cultures containing low levels of glucose. The total mineralization observed after 30 days in the 0.1% glucose-containing cultures was very low (5.9%). It was interesting to note also that this was the condition in which more label was associated with the mycelial pellets (53%). Under the other conditions, the amount of radioactivity associated with the pellets varied from 13 to 28% (Table 1) .
To assess whether the differences in enzyme production reflected differences in mycelium weight, and whether the enzymes were being produced only during secondary metab olism, the dry weights of fungus produced during the course of the experiments were determined. As shown in Fig. 1D and 2D, enzyme activity appeared during primary growth and began to decline when the fungus ended the primary phase, i.e., when the mycelial dry weight remained constant or declined. Thus, the enzyme activity did not increase during secondary metabolism, as does MnP and LiP with P. chrysosporium (18, 19) . The higher enzyme levels observed with nonlimiting nitrogen or carbon did not simply reflect differences in fungal biomass.
Effects of other parameters on the mineralization of 14 CDHPs. The effects of Mn(II), veratryl alcohol, and oxygen on the mineralization of 14 C-DHPs were studied. For this series of experiments, 1.0 mM ammonium tartrate and 1.0% glu cose were used, because these concentrations gave the highest mineralization rates.
As has been demonstrated with other fungi (4, 7, 26) , the concentration of Mn(II) affected the levels of MnP and laccase produced by C. subvermispora (29) . Mineralization and enzyme levels were studied for cultures containing 0.3, 11, and 40 ppm of Mn(II) (Fig. 3) . Cultures containing 11 ppm mineralized the highest percentage of DHPs. The lowest mineralization was observed when 0.3 ppm of Mn(II) was used, but that rate was only slightly lower than the rate observed for cultures containing 40 ppm. The highest levels of MnP and laccase were observed for cultures containing 40 ppm of Mn(II) (Fig. 3) .
The effect of oxygen was studied by flushing the cultures daily, beginning on day 5, with 100% O2 (data not shown). Oxygen did not have a pronounced effect on enzyme pro duction by C. subvermispora; thus, MnP levels were approx imately the same in cultures under 0, or an air atmosphere, whereas laccase levels were slightly lower in the O2 cultures. The mineralization percentages reached by cultures under an 0, atmosphere were slightly higher.
The presence of added veratryl alcohol in the culture medium did not largely affect laccase production but lowered the MnP level by about 50% (data not shown). Mineraliza tion rates were also lowered slightly. Thirty days after the addition of the labeled polymer, the cultures containing veratryl alcohol had converted 24% of the DHP to CO 2, whereas the controls had reached 31% mineralization.
Addition of LiP from P. chrysosporium to C. subvermispora cultures. The overall DHP mineralization rates shown above for C. subvermispora are low compared with those reported for other white rot fungi, including P. chrysosporium (8) . It was of interest to determine whether this difference could be the result of the absence of LiP in C. subvermispora cul tures. Purified LiP from P. chrysosporium was therefore added to cultures of C. subvermispora. DHP was added on day 5, and 2 days later 6.0 U of LiP isoenzyme H2 (final concentration, 0.2 U/ml of the culture fluid) was added to four of the flasks. At the same time, veratryl alcohol (final concentration, 0.4 mM in the culture medium) was added to two of the LiP-containing and two of the control flasks. (Veratryl alcohol is not produced by C. subvermispora, but it is produced by P. chrysosporium, in which it apparently plays a role in lignin degradation [17] .) Interestingly, it was metabolized by C. subvermispora in 48 h when added to the cultures at a final concentration of 0.4 mM. At this time (48 h), no veratryl alcohol could be detected in the culture supernatant. Veratraldehyde and veratric acid were not detected in the medium at any time (unpublished results). As can be seen in Fig. 4 , LiP addition did not have a significant effect on mineralization. A small increase in mineralization could be observed only in the flasks containing LiP 5 days after the addition of the enzyme, at which time it seems unlikely that the enzyme would have still been active. Veratryl alcohol did not significantly affect the mineraliza tion rate when LiP was present.
DISCUSSION
In this work, we studied the effects of selected culture conditions on production of enzymes that have been associ ated with lignin degradation, and on synthetic lignin miner alization by C. subvermispora. Previous studies comparing different strains of this fungus (28) had shown that whereas MnP and laccase levels were similar in cultures of the five strains, big differences were observed in their mineralization abilities. Results of the present work confirm that little relationship exists between mineralization rates and MnP and laccase production. Thus, the rate-limiting step in min eralization is not catalyzed by these proteins.
The culture parameters producing the most dramatic dif ferences in extracellular enzyme (MnP and laccase) levels and mineralization rates were nitrogen and carbon concen trations. The differences in enzyme levels in cultures con taining the three levels of Mn(II) were not so pronounced as those reported before (29) . The only difference between the two sets of experiments is the concentration of nutrient nitrogen. In the present study, 1.0 mM ammonium tartrate was used, whereas the experiments reported before used 10 mM. Interestingly, the absolute amounts of enzymes pro duced in the former condition (1.0 mM ammonium tartrate) were around one-fifth of those produced in the latter (10 mM).
The highest mineralization rates observed with C. subver mispora are low compared with those observed with P. chrysosporium, which produced 33% mineralization after only 2 days of incubation with labeled synthetic lignin (8) . Nevertheless, the lignin weight losses produced when both fungi decay aspen or pine wood have been reported to be very similar (24) . This indicates that the lignin degradation rates estimated by the mineralization of DHPs cannot be directly extended to lignin in wood.
Most of the white rot fungi studied to date produce their ligninolytic enzymes during secondary metabolism. Experi mentally, this state is obtained by using limiting amounts of one nutrient in the culture medium (for P. chrysosporium, carbon, nitrogen, or sulfur) (18) . When mycelial growth ceases because of the lack of one of these nutrients, P. chrysosporium and other fungi begin to secrete the second ary metabolite veratryl alcohol and ligninolytic enzymes. Our results suggest that the ligninolytic enzymes of C. subvermispora are not produced only during secondary metabolism. MnP and laccase are secreted during growth. The amounts of enzymes produced in cultures containing non-growth-limiting concentrations of N and C are higher than those produced in cultures with one of these nutrients being growth limiting. A nitrogen-derepressed mutant of P. chrysosporium that also overproduces ligninolytic enzymes during primary metabolism has been developed (23). This mutant is able to degrade lignin during primary metabolism (33). The fungus D. squalens has also been reported to produce MnP and laccase during primary metabolism (27).
The addition of LiP in the presence or absence of veratryl alcohol to cultures of C. subvermispora did not significantly increase the rate of mineralization of the DHP. In experi ments using reconstituted cultures of P. chrysosporium, Kurek and Odier (21) observed that the lignin mineralization rates increased with LiP concentrations up to 20 nkat/ml. At higher concentrations of the enzyme, the rate of mineraliza-VOL. 59, 1993 SYNTHETIC tion decreased. The LiP concentrations used by us are equivalent to 3.3 nkat/ml, which is in the range of the activities observed for ligninolytic cultures of P. chrysos porium. In P. chrysosporium cultures, however, several LiP isoenzymes are produced simultaneously, whereas in our study, only isoenzyme H2 was added. It is possible that more than one LiP isoenzyme is needed for a pronounced effect to be observed.
